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REPORT SUMMARY 

 
This report provides results of probabilistic fracture mechanics analyses to assess the probability 
of leaks, the probability of rupture due to crack growth, and the change in core damage 
frequency (CDF) resulting from PWSCC of Alloy 82/182 butt welds.  

Background 
In early October 2000, the V. C. Summer Plant shut down for a normal refueling outage and 
conducted a walk-down to search for boron deposits. During the walk-down, significant boron 
deposits were discovered in the vicinity of the reactor vessel Loop A outlet nozzle to pipe weld. 
Leakage records showed that leakage from all sources was well below the plant technical 
specification limit of 1.0 gpm. Ultrasonic tests performed on the pipe from the outside surface 
were inconclusive, but ultrasonic tests performed from the inside surface revealed a single axial 
flaw in the weld near the top of the pipe. Supplemental eddy current testing revealed several 
other possible anomalies, some of which were later confirmed to be flaws. Since that time, flaws 
have been discovered in a number of other Alloy 182 butt welds, and it may be anticipated that 
others will be found in the future. 

Objectives 
To analyze the likelihood and consequences of leakage and/or failure of dissimilar metal piping 
butt welds due to primary water stress corrosion cracking (PWSCC). 

Approach 
The project team has completed a probabilistic evaluation of Alloy 82/182 butt welds in 
pressurized water reactor (PWR) primary systems in Westinghouse, Combustion Engineering 
(CE), and Babcock and Wilcox (B&W) designed plants. The evaluation was built on basic input 
information used for deterministic structural integrity evaluations already performed and was 
aimed at providing a more realistic view of the margins that exist in these systems. 

The project team has developed probability density function descriptions (that is, uncertainties) 
for all key input parameters needed for a butt weld fracture analysis. Examples include initiated 
flaw characteristics, such as depth and length; stress levels (operating, residual, and cyclic 
stresses); crack initiation time; crack growth rate (CGR), PWSCC, and fatigue; and accuracy of 
in-service inspections (ISIs). This information was used as input to probabilistic fracture 
mechanics (PFMs) models already in existence that have been used previously for PWSCC in 
head penetration nozzles and fatigue crack growth (FCG) in piping. Using the uncertainties and 
PFM models, the team calculated and benchmarked probabilities of observed flaws or leaks with 
limited cracking experience.  
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Using results from the already completed deterministic fracture analyses for the butt weld 
configurations in the Westinghouse, CE, and B&W nuclear steam supply system (NSSS) 
designs, the team determined limiting weld configurations, locations, and operating conditions. 
As part of this task, characteristics of the limiting transients (such as temperature, pressure, 
stress, and frequency) that are postulated to occur at the limiting locations in each design were 
identified. Several specific analyses were carried out for the B&W designs since there are 
differences with the CE design, even though both have carbon steel primary-loop piping. 

The work on PFM model input development was coordinated with other work being performed 
by EPRI’s Material Reliability Project (MRP) Butt Weld Working Group. Specifically, butt weld 
residual stress work was used in estimating stresses from repairs and benchmarking model-to-
field failures, such as for the Virgil C. Summer hot leg nozzle weld leak. The team performed 
probabilistic fracture mechanics analyses for the limiting butt welds in large diameter pipes and 
several smaller diameter pipes for the Westinghouse, CE, and B&W NSSS designs. Sensitivity 
studies also were performed for many key input parameters. One of the more important 
parameters is for residual stress due to weld repairs during fabrication. Effects of ISI (accuracy 
and frequency) also were quantified probabilistically.  

Consequences of butt weld failure, in terms of potential for core damage, and any associated 
uncertainties were obtained from either of these two sources: (1) probabilistic risk assessment 
(PRA) results for the limiting plants already determined in the previously completed 
deterministic evaluations and (2) representative consequences from typical plants that have 
performed a risk-informed evaluation for their piping ISI program. The project team combined 
these consequences and failure probabilities to determine potential risk in terms of the mean 
values of core damage, including effects of uncertainties in both probabilities and consequences.  

Results 
Results showed that the current American Society of Mechanical Engineers (ASME) Code 
Section XI ISI requirements for a service life of 40 years is adequate from a risk perspective.  

EPRI Perspective 
Due to recent PWSCC events of Alloy 82/182 butt welds, the industry, acting through EPRI’s 
Materials Reliability Program, developed an interim safety assessment report and continued 
work on a final safety assessment to assure continued safe operation of these plants. This work is 
used as input to the final safety assessment for Alloy 82/182 pipe butt welds. As this work was 
underway, new information was discovered that could affect the calculations documented here. 
However, since the safety assessment will form the basis for recommended visual and 
nondestructive examinations, the industry opted to use the calculations as developed to the 
original workscope. The existing analyses and future analyses will be used as inputs into the 
Inspection and Evaluation Guidelines under development.  

Keywords 
PFM, PRA, PWSCC, Alloy 600, Alloy 82/182, Butt Welds, Risk-Informed, Probabilistic 
Fracture Mechanics, Probabilistic Risk Assessment Primary, Water Stress Corrosion Cracking 
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1  
INTRODUCTION 

Cracking in Alloy 82/182 butt welds was not observed in operating PWR plants until the year 
2000, when several incidents occurred.  The first cracking event was found in June of that year, 
in Ringhals Unit 3, but the indications were thought to be shallow artifacts, and the plant was 
allowed to remain in service without repair.  The second was in the reactor vessel outlet nozzle to 
safe end weld of Ringhals Unit 4, in July of 2000.  Several small axial cracks were found and 
removed with a boat sample by electrical discharge machining (EDM).  In both cases, the welds 
were Alloy 182, and the cracks were axial. 

The next major incident occurred in October 2000, when the Virgil C. Summer plant was found 
to have a through-wall flaw in the same region as the Ringhals plants–the reactor vessel outlet 
nozzle to safe end weld.  In this case, the weld was a field weld that had experienced multiple 
repairs during the construction process.  In early October 2000, the Virgil C. Summer plant was 
shut down for a normal refueling outage, and a walkdown was undertaken to search for boric 
acid deposits, as is done to begin each outage.  During the walkdown, significant boron deposits 
were discovered in the general vicinity of, and directly on, the Loop A outlet nozzle to pipe weld.  
Insulation was removed, and leakage-monitoring records were searched.  Leakage records 
showed a nearly constant value of 0.3 gpm unidentified leakage from all sources.  This is well 
below the plant Technical Specification limit of 1.0 gpm. 

Ultrasonic inspection (UT) performed on the pipe from the inside surface initially revealed a 
single axial flaw near the top of the pipe.  Followup exams conducted in the spring of 2002 
revealed that there were several flaws, all but one of which were axial, and that the largest axial 
flaw was a through-wall flaw.  The flawed region was removed, and a new spool piece welded in 
place, restoring this region to its original condition.  The Virgil C. Summer outlet nozzle to pipe 
weld was repaired with Alloy 52, for a portion of the thickness exposed to the reactor coolant, 
and the remainder of the weld was filled with Alloy 82. 

In November 2002, a surface indication was reported at Tihange Unit 2 in the Alloy 182 weld 
region of the pressurizer hot leg surge nozzle to safe end weld.  The UT inspection technique was 
automatic, performed by AIB Vincottes of Belgium.  The indication was axially oriented, and 
confined entirely to the weld, which had been repaired during construction and was not stress 
relieved.  The depth of the indication was reported as 0.157-0.315 inches and the length was 
1.02 inches.  The indication was not repaired, and reinspection of the region in April 2003 
showed that the indication had not changed in size or character.   

In 2003, flaws were found during ISI of the Alloy 182 safe end regions of a pressurizer safety 
and the relief nozzles of Tsuruga Unit 2 in Japan.  Axial flaws were found in each of the two 
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nozzles with one flaw in the relief valve nozzle being through wall.  These nozzles were repaired 
with spool-piece replacements.  

In October 2003, a part through-wall flaw was found in the Alloy 182 weld between the surge 
line and the hot leg nozzle at Three Mile Island (TMI) Unit 1, a B&W-designed plant.  Again, 
the flaw was axially oriented, and was repaired by a structural weld overlay.  

With this increasing population of cracks in Alloy 82/182 welds, and the likelihood of additional 
cracking occurring in the future, it is important to assess the safety and integrity of these weld 
regions.  Deterministic evaluations have already been completed for these regions in 
Westinghouse, CE, and B&W designs.  The goal of the work reported here is to use PFM 
techniques to assess the risk to plant safety from potential cracking in these regions to evaluate 
impacts on leak-before-break (LBB) assessments, and to determine if changes are needed in the 
ASME Section XI ISI requirements. 

 

1-2 



 

2  
BACKGROUND FOR THE RISK ASSESSMENT 

Deterministic stress and fracture evaluations were completed for all the Alloy 82/182 butt weld 
locations in the Westinghouse, CE, and B&W designed plants.  For each location, the piping 
loads were compiled for all operating plants.  In addition, using deterministic methods, the 
limiting cases were evaluated to determine the size of the flaw that could lead to piping failure, 
and the leak rate as a function of through-wall flaw size was calculated.  The deterministic 
results showed that the margin between the flaw that gives detectable leakage and the critical 
flaw size is very large for large diameter pipes and decreases as pipe diameter decreases. 

The significance of the safety case for longitudinal flaws is reduced, because the length of the 
flaw is limited to the width of the susceptible weld material.  Therefore, for the maximum flaw 
length (~2.5 inches), the burst pressures were calculated.  They were found to be 5.7 ksi or 
greater, which is well above the maximum operating pressure of 2.25 ksi.  Therefore, large 
margins exist for longitudinal flaws.  Service experience has shown that axial flaws are much 
more likely to occur than circumferential flaws. 

While less likely to occur, circumferential flaws are not self limiting, and so detailed 
deterministic evaluations were carried out for each location.  In each case, the flaw size 
necessary to cause a detectable leak, and then the time necessary for such a flaw to propagate to 
a critical length, were determined.  These deterministic evaluations used a number of worst-case 
assumptions.  These assumptions included bounding loads and residual stresses, as well as 
conservative crack growth predictions.  The results showed that there were large margins for the 
large-diameter pipes, and smaller margins for the smallest-diameter pipes. 

The deterministic results led to a concern that the inspection frequencies now being employed by 
Section XI might be in need of revision for the smaller pipe sizes.  Therefore, it was decided to 
perform a series of risk studies for these pipes using PFM and PRA methods to assess concerns.  
The results of this evaluation are summarized in this report. 
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3  
PFM METHODOLOGY 

Probabilistic fracture mechanics models are used to calculate the small- and large-leak  
(100–1500 gpm) probabilities for Alloy 82/182 butt welds in piping nozzles.  The time to 
initiation and CGR of the initiated flaw due to PWSCC are calculated with the same PFM 
models that were used previously for calculating the probability of failure in the base metal of 
Alloy 600 vessel head penetration nozzles [2].  The PFM models for stress intensity factor (SIF) 
of axial and circumferential flaws, crack growth due to fatigue, and the benefits of ISI are the 
same as those used previously for piping risk-informed ISI (RI-ISI) [3].  The methodology 
employed in these PFM models was reviewed and found to be acceptable by the NRC [4,5,6].  
The RI-ISI PFM models also satisfy the requirements for computer codes for estimating failure 
probabilities in NUREG 1661 [7] Chapter 4, “Probabilistic Structural Mechanics.”  Highlights of 
critical parameters in regards to these PFM models and the associated input information for the 
probabilistic analyses, which is summarized in Table 3-1, are described in the following 
subsections.   

Table 3-1 
Summary of Information Used for PFM Analysis of Alloy 82/182 Butt Welds 

Input Information for PFM Models Source of Information Ref. No. 

Butt Weld Outside Diameter (inch) Vendor Calculations 8, 9, and 10 

Butt Weld Wall Thickness (inch) Vendor Calculations 8, 9, and 10 

Butt Weld Operating Temperature (°F) Vendor Calculations 8, 9, and 10 

Butt Weld Max. Residual Stress (ksi) Alloy 600 Head Pen. Models and EPRI-MRP 
Residual Stress Study 

2 and 10 

Butt Weld Pressure Hoop Stress (ksi) Vendor Calculations 8, 9, and 10 

Deadweight and Thermal Stress (ksi) Vendor Calculations 8, 9, and 10 

Hoop/Axial Fatigue Stress Range (ksi) Vendor Calculations 9 and 10 

Fatigue Stress Ratio (min/max) Vendor Calculations 9 and 10 

Year Number for First Inspection (ISI) Structural Reliability and Risk Assessment 
(SRRA) for Pipe RI-ISI 

3 and 11 

Frequency for Subsequent ISIs (years) SRRA for Pipe RI-ISI 3 and 11 

Cumulative Effect of ISI (1=No 2=Yes) SRRA for Pipe RI-ISI 3 and 11 
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Depth at 50% Probability of 
Nondetection (PND) 

SRRA for Pipe RI-ISI 3 and 11 

PND Exponential Slope With Crack 
Depth 

SRRA for Pipe RI-ISI 3 and 11 

Hours at Temperature per Year Alloy 600 Head Pen. Models 2 

PWSCC Initiation Time Coefficient (hrs) Alloy 600 Head Pen. Models 2 

Combined Factors on Time to Initiation Benchmarking with V.C. Summer 8 

Initiation Activation Energy (cal/mole) Alloy 600 Head Pen. Models 2 

Stress Exponent for Initiation Time Alloy 600 Head Pen. Models 2 

Crack Depth at Initiation (inch) Alloy 600 Head Pen. Models 2 

Crack Length at Initiation (inch) Alloy 600 Head Pen. Models 2 

PWSCC Growth Rate Coefficient (in/hr) EPRI-MRP CGR Expert Panel 12 

Threshold Stress Intensity (ksi-in^.5) EPRI-MRP CGR Expert Panel 12 

PWSCC Rate Activation Energy 
(cal/mole) 

EPRI-MRP CGR Expert Panel 12 

PWSCC Rate Stress Intensity 
Exponent 

EPRI-MRP CGR Expert Panel 12 

Weld FCG Factor on Alloy 600 in Air ANL Corrosion Fatigue Report 13 

FCG Stress Intensity Range Exponent ANL Corrosion Fatigue Report 13 

Number of Fatigue Cycles per Year Vendor Calculations 9 and 10 

Limit Crack Depth for Small Leak (inch) SRRA for Pipe RI-ISI 3 and 11 

Flow Stress for Full Weld Break (ksi) SRRA for Pipe RI-ISI 3 and 11 

Hoop/Axial Stress Evaluation Condition 
(ksi) 

Vendor Calculations 8, 9, and 10 

Crack Length Limit for Through-Wall 
Flaw 

Vendor Calculations 8, 9, and 10 

Min. Detectable Leak Crack Length 
(inch) 

SRRA for Pipe RI-ISI 3 and 11 

Evaluation Condition Frequency per 
Year 

Vendor Calculations 8, 9, and 10 
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3.1 Time to Initiation 

Because of the very limited data on initiation of Alloy 82/182 butt weld material due to PWSCC, 
the currently available PWSCC initiation models [2,3] for the Alloy 600 base metal are used with 
an input adjustment factor to account for the differences in behavior between weld metal and 
base metal.  This adjustment factor is used in the PFM models to account for: 

• Differences between Alloy 600 base metal and Alloy 82/182 weld metal 

• Effects of weld microstructure and microchemistry 

• Effects of  weld surface finish and cold work level 

The value of this combined adjustment factor is determined using the benchmarking process, 
which is described in Section 4, to give a reasonable probability of the through-wall axial flaw 
that was found in Virgil C. Summer at the time the vessel outlet nozzle weld leak was discovered 
(17 years) [8].  The size of the PWSCC initiated flaw of .059 inches deep by .354 inches long [2] 
in Alloy 82/182 weld metal is the same as that for Alloy 600 base metal due to the lack of data to 
use in this regard. 

3.2 PWSCC Crack Growth 

Since the existing PFM models for reactor vessel head penetrations [2] already included crack 
growth due to PWSCC, the new correlation for weld metal (Alloy 82, 132, and 182) developed 
by the MRP PWSCC Crack Growth Expert Panel [12] can be used directly.  Only the input 
parameters for the original Alloy 600 model needed to be updated. 

The PWSCC CGR of 2.47E-07 K1.6 inch/hour at 325°C (617°F), which is shown in Figure 3-1, is 
used as specified by the MRP PWSCC Crack Growth Expert Panel [12].  The value for the crack 
growth coefficient is calculated using the same activation energy that was used for the Alloy 600 
base metal.  The threshold SIF is set to approximately zero and the exponent is set to 1.6.  Since 
most bi-metallic butt welds contain both alloys (weld metal and buttering), the coefficient value 
for only Alloy 182 is conservatively used because the Alloy 82 value would be a factor of 
2.6 lower, as shown in Figure 3-1 [12]. 

3.3 Fatigue Crack Growth 

Existing PFM models for FCG for piping RI-ISI [3] are used directly for the PFM models for 
butt welds.  Figures 14(a) and 14(b) of the Argonne National Laboratory (ANL) Report [13], 
indicate that the FCG of Alloy 82/182, respectively, are best characterized as a factor on the 
Alloy 600 CGR in air.  Analyses of this data are used to develop the mean value and uncertainty 
for the factor on weld FCG as discussed in the Section 4, Uncertainties.  The effects of stress 
ratio R and temperature on the Alloy 600 CGR in air in Section 3.1 of the NUREG Report, 
CR-5864, [11] are also added to the PFM models for butt welds.  
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Figure 3-1 
PWSCC Crack Growth Curves from Alloy 600 MRP Expert Panel [12] 
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Since most bi-metallic butt welds contain both alloys (weld metal and buttering), the median 
value for only Alloy 182 is conservatively used for the factor on the Alloy 600 CGR in air.  This 
is because Alloy 182 had the higher median value and a comparable uncertainty when compared 
to either Alloy 82 data or to the combined Alloy 82/182 data.  The value of 4.1 for the exponent 
on change in stress intensity factor is taken directly from equation (4) of NUREG/CR-6721 [13] 
for the Alloy 600 FCG rate in air. 

The fatigue stress range, stress ratio, and cycles per year are taken from evaluations of vendor 
calculations.  As discussed further in Section 4, Benchmarking, the effects of FCG on leak 
probability is fairly small as compared to PWSCC.  Therefore, the sensitivity of the fatigue stress 
input values is also very small. 

3.4 Weld Residual Stress 

For large thick-walled piping welds, the maximum residual stress would not be expected to 
exceed about 40 ksi (as shown in Figure 5-2 of the pc-PRAISE Users Manual [11]).  However, 
for the multiple repairs and nearly double-V weld configuration in the Virgil C. Summer outlet 
nozzle weld [8], the residual stress could be much higher.  Finite-element analyses of 
Alloy 82/182 butt welds for the MRP [14] show that the Virgil C. Summer conditions could 
easily result in mean stress values of 70 ksi.  Residual stress was taken to be uniform through the 
thickness of the pipe based on ASME values.  The selected value for Virgil C. Summer (70 ksi) 
would also represent a realistic upper limit on the values previously used for vessel head 
penetrations (see Figure 4-1 of WCAP-14901 [2]). 

The MRP sponsored finite-element analyses [14] also showed that residual stress would be 
significantly lower for more typical double-V weld configurations without weld repairs.  These 
lower residual stress values are also consistent with those used previously in the pipe butt weld 
safety evaluation for Westinghouse and CE plant designs [9].  It should be noted that all the butt 
welds in PWRs in the United States are single-V welds. 

3.5 Weld Geometry and Operating Conditions 

Weld geometry (such as, diameter and thickness dimensions) and operating conditions (such as, 
temperature and pressure) are taken from vendor calculations.  This information, as well as 
deadweight and thermal stress and pressure stress, has been used previously in the evaluation in 
the leak in the reactor pressure vessel outlet nozzle weld at Virgil C. Summer [8].  Similar 
information was reported in the deterministic pipe butt weld safety assessment for Westinghouse 
and CE plant designs [9], and B&W designs [10].  

3.6 Critical Flaw Size Limits 

To determine when the butt weld would fail, the failure modes from the PFM models for piping 
RI-ISI [3] are used directly.  The SIF calculations for independent crack growth in both the depth 
and length directions are for uniform stress through the wall thickness in NRC’s probabilistic 
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analysis code pc-PRAISE [11] for piping welds.  While Section 2.3.3 of the pc-PRAISE Users 
Manual [11] states that the SIF correlations apply equally well to axially and circumferentially 
oriented cracks, the ductile failure criteria are different for through-wall axial versus 
circumferential flaws.  The PFM models for RI-ISI that were used [3] also include options to 
determine failure based on the following: 

1. Exceeding a user-specified crack length for any size leak 

2. Flaw exceeding a user-specified weld length 

3. Full break (ductile rupture) at user-specified load and frequency conditions 

4. Credit for detection of a user-specified value (such as, LBB) 

For calculation of small-leak probabilities (such as, flaw growth through the pipe wall thickness), 
the flaw depth limit is set to 99 percent of the mean thickness of the weld.  For large-leak 
probabilities (based on quantified leak input), the circumferential flaw length limit is taken from 
an analysis of leak rate with flaw length.  An example of this, based on various weld dimensions 
and operating conditions in Westinghouse and CE plant designs appears in Chapter 6 of EPRI 
Report TP-1001491 [9]. 

3.7 Effects of In-Service Inspection 

The beneficial effects of ISI are modeled in the same way as in the PFM models for piping RI-
ISI [3] and as in the NRC’s pc-PRAISE Code [11] for piping welds.  Specifically, only the flaws 
remaining after an ISI exam are left to cause failures later in life because flaws that are detected 
are assumed to be removed.  A 50-percent probability of detecting a flaw 25-percent through the 
wall thickness forms the basis for detectable inspection and elimination of the flaw [2,3].  
Existing flaws that would not have reached this detection limit remain and would be subject to 
growth and detection at the specified inspection interval.  This typically is considered as a 
10-year interval based on ASME Section XI specifications.  The effects of subsequent 
inspections can be either cumulative or independent, which usually depends on the interval 
between inspections.  Both approaches were investigated and showed no statistical difference in 
the final result at end of life.  The input to these PFM models is selected to represent the 
inspection accuracy and frequency for a UT inspection performed in accordance with the 
requirements of Section XI of the ASME Code. 

3.8 Axial Versus Circumferential Flaws 

The ratio of the number of axial flaws to circumferential flaws was developed from actual 
service experience.  There is actually a rather large data base of cracking that has been found in 
Alloy 600 and Alloy 82/182 materials over the past 20 years.  The largest number of cases 
occurred in the CE small-diameter pipes, but there are also the recent experiences with the 
reactor vessel outlet nozzle regions.  In all, there are over 100 cracking incidents, and only one or 
two circumferential flaws. 
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The PWSCC first occurred in a nozzle application in a CE plant in 1986 when a pressurizer 
steam space instrumentation nozzle at San Onofre Unit 3 developed a leak after about 
10,000 hours of service.  Failure analysis of the removed nozzle confirmed the leak resulted from 
intergranular stress corrosion cracking with no identified contaminants.  The analysis concluded 
that high carbon content (0.07%), high strength (yield strength of 60.9 ksi), and residual stresses 
from the fabrication process resulted in low resistance to PWSCC.  Two additional steam space 
nozzles were cracked but not leaking at the first refueling outage at San Onofre Unit 3 and two 
nozzles of the same heat cracked at St Lucie Unit 2 but were not leaking at the time of 
replacement (after 32,500 hours of service).  Table 3-2 summarizes the complete history of 
PWSCC in Alloy 600 nozzles in CE plants. 

Prior to 2003, all cracks in small-diameter nozzles and heater sleeves installed with partial 
penetration welds, with one exception, were axially oriented.  Therefore, they were considered to 
be stable and not safety significant.  In this one exception, a heater sleeve which had an axially 
oriented through-wall flaw also had part through-wall circumferential cracks.  These cracks were 
not associated with the partial penetration weld, but were located outside of the pressurizer shell 
at a location where the sleeve had been deformed during post-installation reaming during the 
fabrication process.  The sleeve should have been, but was not, replaced.  Cracking occurred in 
this deformed area. 

Cracking in Alloys 182 and 82 was not observed in operating PWR plants until the year 2000, 
when several incidents occurred.  The first was in the outlet nozzle to pipe safe end weld of 
Ringhals Unit 4, in July of 2000.  Several small axial cracks were found, and removed with a 
boat sample by EDM.  The first cracking event actually was found in June of that year, in 
Ringhals Unit 3, but the indications were thought to be shallow artifacts, and the plant was 
allowed to remain in service without repair.  In both cases, the welds were Alloy 182, and the 
cracks were axial. 

The next major incident occurred in October 2000, when the Virgil C. Summer plant was found 
to have a through-wall flaw in the same region as the Ringhals plants–the reactor vessel outlet 
nozzle to pipe safe end weld.  Ultrasonic tests performed on the pipe from the inside surface 
initially revealed a single axial flaw near the top of the pipe.  Followup exams conducted in 
spring of 2002 revealed that there were several flaws, all but one of which were axial, and that 
the largest axial flaw was through-wall.  The flawed region was removed, and a new spool piece 
welded in place, restoring this region to its original condition.  Destructive examination of the 
spool piece removed showed that there were six additional axial flaws, and one shallow 
circumferential flaw.  

In November of 2003, a surface indication was reported in the Alloy 182 weld region of the hot 
leg nozzle to surge line safe end weld at Three Mile Island.  The UT inspection technique was 
part of a periodic Section XI inspection program.  The indication was axially oriented, and 
confined entirely to the weld, which had been repaired during construction and not stress 
relieved.  The depth of the indication was reported as approximately 45% of the wall thickness. 

Therefore, in the large-diameter pipes, there have been a total of four pipes with cracks, with one 
circumferential flaw and four axial flaws.  If these are added to the cracks found in small bore 
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pipes, the ratio of axial to circumferential flaws is about 100 to 1, so this ratio was used in the 
analysis. 

Table 3-2 
Service Experience with CE Small Bore Piping 
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4  
PFM UNCERTAINTIES AND BENCHMARKING 

Specific items pertinent to the evaluation discussed in this report are highlighted and summarized 
in this section.  As shown in Table 4-1, the uncorrelated uncertainties in the PFM models for butt 
weld leaks are consistent with those used for previous models [2,3].  The uncertainties along 
with the reference for NRC review and acceptance of the PFM models are: 

• Uncertainties in parameters for PWSCC time to initiation and CGR from the models for 
Alloy 600 head penetration nozzles [2,4,5] 

• Uncertainties in weld geometry and failure parameters from the models for piping RI-ISI 
[3,6]) 

The 1-sigma uncertainty factor for a log-normal distribution of the coefficient is calculated from 
Figure 4-1, which is Attachment 5 in the MRP PWSCC Crack Growth Expert Panel Meeting 
Minutes [12].  As indicated in Section 3.3, data analysis is used to develop the uncertainty for the 
weld FCG factor.  The data is the ratio of FCG of the weld in a PWR environment to the FCG of 
Alloy 600 base metal in air.  Specifically, 21 ratio values for Alloys 182 and 32 values for 
Alloy 82 in NUREG/CR-6721 [13] were analyzed to determine the log-normal uncertainty on 
FCG. 

The benchmarking process for the butt weld PFM models includes checking the time to initiation 
and through-wall crack growth (such as, small-leak) failure probabilities calculated for the 
Virgil C. Summer plant at the time the vessel outlet nozzle weld leak was discovered 
(17 years) [8].  For the mean residual stress level as discussed in Section 3.3 and the PWSCC 
growth rates for Alloy 82/182 from the Expert Panel [12], the only input parameter available for 
this benchmarking process is the combined factor on time to initiation (see Section 3.1).  A 
combined factor of 1.16 on PWSCC initiation time gives a calculated small-leak probability of 
about 37% for an axial through wall flaw after 17 years.  

This probability is considered to be representative of the Virgil C. Summer leak experience 
because it is consistent with the calculated probabilities for vessel head penetration nozzle 
experience with large axial flaws.  As shown in Table 4-2 in WCAP-14901 [2], the PFM 
calculated probabilities of the observed head penetration nozzle cracks at Donald C. Cook Unit 2 
and at Ringhals Unit 2 were similar in magnitude.  An added check of the PFM model, including 
revised inputs, for butt weld axial flaws was used to calculate a similar probability for the 
observed crack in the surge line to hot leg nozzle butt weld at the Three Mile Island plant.  The 
results were based on a residual stress input of 70 ksi and correlated with observed plant 
information. 
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Table 4-1 
Summary of Uncertainties Used for PFM Analysis of Alloy 82/182 Butt Welds 

Input Information With Uncertainty Distribution Uncertainty Data Ref. No. 

Butt Weld Outside Diameter (inch) Normal SRRA for Pipe RI-ISI   3 

Butt Weld Wall Thickness (inch) Normal SRRA for Pipe RI-ISI 3 

Butt Weld Operating Temperature (°F) Uniform Alloy 600 Head Pen.  2 

Butt Weld Max. Residual Stress (ksi) Normal Alloy 600 Head Pen. 2 

Butt Weld Pressure Hoop Stress (ksi) Normal SRRA for Pipe RI-ISI 3 

Deadweight and Thermal Stress (ksi) Log-Normal SRRA for Pipe RI-ISI 3 

Hoop/Axial Fatigue Stress Range (ksi) Log-Normal Vendor Calculations 9 and 10

Hours at Temperature per Year Normal Alloy 600 Head Pen. 2 

PWSCC Initiation Time Coefficient (hrs) Log-Normal Alloy 600 Head Pen. 2 

Initiation Activation Energy (cal/mole) Normal Alloy 600 Head Pen. 2 

Crack Depth at Initiation (inch) Normal Alloy 600 Head Pen. 2 

Crack Length at Initiation (inch) Normal Alloy 600 Head Pen. 2 

PWSCC Growth Rate Coefficient (in/hr) Log-Normal MRP Expert Panel Data 12 

PWSCC Rate Activation Energy (cal/mole) Normal Alloy 600 Head Pen. 2 

Weld FCG Factor on Alloy 600 in Air Log-Normal Analysis of Data in ANL Report 13 

Flow Stress for Full Weld Break (ksi) Normal SRRA for Pipe RI-ISI 3 

Hoop/Axial Stress Evaluation Condition (ksi) Log-Normal SRRA for Pipe RI-ISI 3 
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Figure 4-1 
Uncertainty in PWSCC Crack Growth Curves from Alloy 600 MRP Expert Panel [12] 
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A combined factor of 7.06 on PWSCC initiation time gives a calculated small-leak probability of 
about 0.4% for a circumferential flaw after 17 years of operation at Virgil C. Summer [8].  This 
probability is consistent with the observation that only about one percent of the observed flaws in 
Alloy 82/182 weld metal are circumferentially oriented [15].  Figure 4-2 shows the calculated 
small-leak probabilities for both the axial and circumferential flaws at Virgil C. Summer.  This 
figure also shows a somewhat smaller probability for a large circumferential leak of 800 gpm, 
which is the average of the leak rates from 100 gpm to 1500 gpm that are typically used for 
evaluating a medium-break loss-of-coolant accident (LOCA) [16].  This calculated large-leak 
probability is also consistent with the expectation that large-leak probabilities should be 
somewhat less than small-leak probabilities. 

To verify the PWSCC and FCG calculations in circumferential flaws after flaw initiation, 
comparable PFM calculations were performed with the butt weld PFM models and the 
previously verified PFM models for piping RI-ISI [3].  To get FCG of any measurable effect 
relative to PWSCC-induced crack growth, the PWSCC loading had to be significantly reduced 
and the fatigue loading and cycles significantly increased. 

The 40-year probabilities calculated both without and with the effects of ISI every 10 years are 
compared in Table 4-2.  For small leak with fatigue, small leak without fatigue, and large leak 
with fatigue, the difference in the calculated probability values at 40 years is less than the 
standard deviation.  This standard deviation reflects the uncertainty in the Monte-Carlo 
simulation for a small number of trials (typically less than 1000). 

The results of Table 4-2 illustrate that the leak probabilities that were calculated for the 
evaluations summarized in this report, which include the revised PWSCC and FCG data [12], 
when compared with the leak probabilities independently calculated with the verified PFM 
models for piping-weld RI-ISI [3] are statistically identical.  This conclusion of statistically 
insignificant differences is based on the standard deviation as calculated by the NRC-approved 
PFM code [3].  The conclusion of the benchmark is that the PFM models used to calculate the 
leak probabilities for axial and circumferential flaws in Alloy 82/182 butt welds in piping 
nozzles have been benchmarked with existing failure (small-leak) data and independently 
verified.   
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Figure 4-2 
Calculated Leak Probabilities After Benchmarking With Virgil C. Summer Reactor Pressure 
Vessel Outlet Nozzle Weld [8] Without Inspection 
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Table 4-2 
Independent Verification of Butt Weld Circumferential Flaw Probabilities 
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5  
PFM CASES CONSIDERED AND RESULTS 

5.1 Cases Considered 

Probabilistic fracture mechanics evaluations were performed to address the identified 
degradation mechanisms of PWSCC and FCG on dissimilar metal butt welds.  The analyses 
performed considered the limiting butt welds in large diameter pipes and smaller diameter pipes 
based on the deterministic evaluations for the Westinghouse [9], CE [9], and B&W [10] NSSS 
designs.  Sensitivity studies were performed for key input parameters including residual stress 
due to fabrication history, and the effects of ISI (accuracy and frequency).  The input value for 
residual stress for the overall assessment was based on no weld repairs in contrast to the evidence 
available to support the value of 70 ksi used in the benchmark studies.  The locations selected for 
assessment were based on the dominating locations identified in the deterministic evaluations.  
Additional locations, such as the cold leg nozzles and pump welds, were of lesser concern based 
on the deterministic assessment but remain areas to consider for follow-on activities.  The 
assessment of the locations addressed, therefore, are considered to be bounding of the remaining 
locations identified in the deterministic assessment provided there is not available evidence 
indicating weld repairs were made.  Results of the PFM evaluations of the limiting butt welds are 
summarized in this section. 

The PFM results are applicable to PWR plants that were designed by B&W, CE, and 
Westinghouse and contain Alloy 82/182 safe end welds.  The evaluation summarized in this 
report considers Alloy 82/182 as weld metal, it does not apply to base metal.  The following 
specific locations, including identification of NSSS design agents, were considered: 

• Decay heat nozzle (B&W) 

• Reactor vessel outlet nozzle to safe end weld (Westinghouse) 

• Surge line hot leg nozzle to safe end weld (CE) 

• Pressurizer surge nozzle to safe end weld (B&W, CE, Westinghouse) 

• Pressurizer spray nozzle to safe end weld (CE, Westinghouse) 

• Pressurizer safety and relief nozzle to safe end weld (CE, Westinghouse) 

• Steam generator inlet nozzle to safe end weld (CE) 

• Shutdown cooling nozzle to safe end weld (CE) 
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The PFM evaluations utilized the methodology, computer tools, and parameter uncertainties 
discussed in Sections 3 and 4 of this report.  Evaluations for each location considered the 
following failure modes: 

• Small axial leak 

• Small circumferential leak 

In order to develop risk calculation, it is necessary to determine the probability of an event, as 
well as the conditional core damage frequency as a result of that event.  The evaluations 
presented herein were aimed at consideration of the first occurrence of a leak, as well as its 
progression to a large leak. 

This section provides the results of the probabilistic calculations, which are linked with 
conditional core damage frequency values in Section 6.  It is important to mention that the large 
axial leak is not considered, because the axial flaw will not propagate beyond the width of the 
weld, since the material at either end is not susceptible to PWSCC.  For the purposes of this 
evaluation, the width of the weld is limited to the thickness of the pipe. 

5.2 Results 

Results of the PFM evaluation are provided in Table 5-1 and Figures 5-1 through 5-9.   
Table 5-1 
Summary of 40-Year Leak Probabilities 

 
 

 
Content Deleted – MRP/EPRI 

Proprietary Material 

 

 

5-2 



 
 

The probabilistic cases were chosen from the most limiting results of the deterministic 
calculations [9,10], that is, those locations which had the shortest time between a 1 gpm leak, and 
a failure of the pipe.  The calculations were carried out over a period of 60 years, as seen in the 
figures.  Results were reported at both 40 and 60 years.  As may be seen in each of the figures, 
results were obtained for a number of plants, again taken from the most limiting plants from the 
deterministic results.  Of the results, only the highest ranked plant was reported in Table 5-1.  It 
is also important to mention that Table 5-1 does not include the benchmark plant results for the 
reactor vessel outlet nozzle, since mitigating actions were taken. 

As seen in Table 5-1, the locations which have the highest probability of leakage from an axial 
flaw after 40 years of service are the Westinghouse reactor vessel outlet nozzle and the spray 
nozzle for a CE-designed unit.  For a circumferential flaw, the highest probabilities are for the 
Westinghouse reactor vessel outlet nozzle, and the pressurizer surge nozzle for the B&W design.  
Note that the probabilities of leakage are much higher for axial flaws than for circumferential 
flaws, which has been borne out by service experience. 

Figures 5-1 through 5-8 provide plots of leakage probability versus time for each of the butt weld 
regions evaluated.  Each figure provides the results for axial flaws in the first figure and 
circumferential flaws in the second figure.  Results for the four or five most limiting units (from 
the deterministic work) as are each provided as separate curves.  Results are slightly different for 
the various units, primarily due to differences in geometry and loadings for the various plants. 

It is important to note that the probability of leakage for circumferential flaws is much lower that 
for axial flaws, even though at first glance the figures seem to be similar.  The scale has been 
expanded for the circumferential flaws so the plant differences are legible. 

The results for the B&W designs are included in the results shown in Figures 5-9 through 5-11.  
These analyses were carried out by AREVA personnel for proprietary reasons and also used the 
Westinghouse PFM tool discussed in Sections 3 and 4.  These cases were completed, for the 
governing locations that resulted from the deterministic work.  Only axial flaws were considered, 
and the results are similar to those for the other designs. 

5.3 Sensitivity Studies 

The sensitivity results represent a PFM evaluation on a nozzle weld that was considered to be 
representative of the effects that would be observed on the other nozzle welds considered in this 
study.  The residual stress input in the sensitivity study considers the effects of weld repairs and 
is based on the maximum residual stress values developed by the ASME Section XI Task Group 
for Piping Flaw Evaluation.   

The results of the sensitivity study for ISI accuracy and frequency are shown in Table 5-2.  Since 
the effect of inspection frequency and accuracy is fairly small, the 10-year ISI with standard 
accuracy was selected for the remaining analyses.  The results of the sensitivity study for residual 
stress in Table 5-3 show a very significant effect.  A mean residual stress of 20 ksi was chosen to 
be conservative but not unrealistic.   
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An additional check of the PFM methodology was performed for the Three Mile Island (B&W) 
hot leg surge nozzle weld in Figure 5-9 and showed good correlation to the observed 45% 
through-wall flaw found at 24 years of life.  A failure probability of 23% was obtained from the 
PFM analysis.  The TMI hot leg nozzle was repaired and results of the benchmark would not 
necessarily be representative of the remainder of the B&W fleet. 

Table 5-2 
In-Service Inspection Sensitivity Study 
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Comparing the leak probability of an axial flaw versus a circumferential flaw for all cases in 
Table 5-3 shows that the axial flaw leak is much more likely to occur.  However, the more 
probable leaks from axial flaws would be very small because the length of the flaw is limited by 
the length of the weld.  Only the leaks from circumferential flaws, which could grow around the 
circumference, are large enough to be a safety concern.  As shown in Figure 6-1 of the 
deterministic safety assessment of Westinghouse nozzle welds [9], the maximum axial-flaw leak 
rate in the large reactor vessel outlet nozzle weld would be less than 2 gpm.   

Table 5-3 
Residual Stress Sensitivity Study 
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Figure 5-1 
RPVON Axial Small Leak Without Benchmark 
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Figure 5-2 
RPVON Circumferential Small Leak Without Benchmark 
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Figure 5-3 
Safety and Relief Axial Small Leak 
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Figure 5-4 
Safety and Relief Circumferential Small Leak 
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Figure 5-5 
Spray Axial Small Leak 
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Figure 5-6 
Spray Circumferential Small Leak 
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Figure 5-7 
Surge Pressurizer Nozzle Axial Small Leak 
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Figure 5-8 
Surge Pressurizer Nozzle Circumferential Small Leak 
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Figure 5-9 
B&W Three Mile Island Surge Hot Leg 
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Figure 5-10 
Comparison of Maximum Axial Small Leak Probabilities in Various Nozzle Welds 
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Figure 5-11 
Comparison of Maximum Circumferential Small Leak Probabilities in Various Nozzle Welds 
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6  
RISK EVALUATION 

The NRC-developed definition for risk-informed evaluations is summarized as utilization of 
“insights derived from probabilistic risk assessments used in combination with deterministic 
system and engineering analysis to focus licensee and regulatory attention on issues 
commensurate with their importance to safety.”  Guidelines for determining the significance of 
changes in risk as a result of identified degradation mechanisms, such as PWSCC, are provided 
in U.S. NRC RG 1.174 [1].  Four basic steps are identified in the guidelines: 

1. Define Proposed Change 

2. Perform Engineering Analysis 

3. Define Implementation and Monitoring Program 

4. Submit Proposed Change 

Of the four steps only one represents a change in the basis for the plant design, Step 2, 
“Performing the Engineering Analysis.”  This is the focus for the evaluation summarized in this 
report.  This element includes performing an evaluation to show that the fundamental safety 
principles on which the plant design was based are not compromised and that sufficient safety 
margins are maintained.  The engineering analysis includes both traditional deterministic 
analysis and PRA.  The deterministic assessment [9,10] identified critical locations that were 
likely to cause safety impacts to the plant.  Probabilistic fracture mechanics techniques as 
discussed in previous sections were used to determine more realistic values at these locations for 
postulating the growth of a flaw through the wall.  This through-wall flaw was equated to the 
safety-related consequences (such as, PRA) that would result from either a small loss-of-coolant 
accident (SLOCA) or medium LOCA (MLOCA).  The quantitative assessment of risk and 
“insignificant change” in risk based on core damage frequency (CDF) and large early release 
frequency (LERF) are summarized as follows: 

• Total plant CDF is less than 10-5 per reactor year 

• Total plant LERF is less than 10-6 per reactor year 

• Change in CDF is less than 10-6 per reactor year 

• Change in LERF is less than 10-7 per reactor year   
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The CDF was calculated by: 

CDF = IE * CCDP 

where: 

CDF = Core damage frequency from a failure (events per year) 

CCDP = Conditional core damage probability 

IE = Initiating event frequency (in events per year) = pipe failure frequency per year 

A similar calculation could be preformed for determining LERF by substituting appropriate 
values for the CCDP term.  

The CCDP for SLOCA and MLOCA were represented by a generic value of 0.003.  This value is 
a reasonably conservative screening value for this application.  The overall risk value combines 
the conditional consequences from failure of the mitigation flow path and the leak probabilities 
converted to initiating event frequencies from the PFM.  This is done to determine the potential 
change in risk, in terms of the mean value of CDF based on point estimates.  Effects of 
uncertainties were considered in the values of both the leak probabilities and the conditional 
consequences.  The uncertainty in the CCDP was set at an order of magnitude range within the 
5% and 95% confidence bounds on a log-normal distribution about the identified mean value of 
0.003. 

The PRAs typically determined the impact (such as, CDF/LERF) for plant conditions 
represented by disabling leaks, SLOCAs, MLOCAs, large LOCA (LLOCA), or pipe rupture.  
For this study, leak rates to represent these conditions are equated to a calculated value for 
system disabling, less than 100 gpm SLOCA, 100 to 1500 gpm for MLOCA, and greater than 
1500 gpm for LLOCA [16].  The makeup capacity of a plant typically mitigates system disabling 
leaks and the plant is brought to a safe shutdown condition through existing operating procedures 
(such as, normal plant shutdown).  For this evaluation, the mean CCDP of 0.003 was intended as 
a bounding assessment.   

The values for total plant change in risk were determined by summing the increase in risk from 
the individual nozzle contributions.  A summary of 40- and 60-year risk increase by individual 
weld nozzle location is provided in Table 6-1. 

6-2 



 
 

Table 6-1 
Summary of 40- and 60- Year Risk Increase by Nozzle  
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The total increase in risk based on the critical contributing nozzle locations identified due to butt 
weld PWSCC for each NSSS design is included in Table 6-2.  It accounts for the number of 
nozzles per plant design.  The increase in risk from other Alloy 82/182 butt weld nozzles is not 
considered based on the Alloy 82/182 results of the deterministic assessments [9,10] and 
conservatism of the bounding PRA value.  The risk values calculated for CDF were compared 
with the guidelines for an “insignificant change” in risk given in RG 1.174.  The results of the 
evaluation of the point estimate risk with inspection are summarized in Tables 6-1 and 6-2.  
These results demonstrate that the RG 1.174 criterion is met for all cases for CDF.  If the 95% 
upper confidence bound in the CCDP of √10 is applied, the total risk results would still be 
insignificant per the RG 1.174 guidelines.  It must be noted that this conclusion is driven by a 
calculated value for leak probability at 40 years that did not consider any mitigative action, such 
as detection and physical modifications, to correct or eliminate the likelihood of the leak 
occurring.  Relative risk results are also summarized for the inspection sensitivity study in 
Table 6-3.  The relative change in risk due to increasing frequency of inspections to yearly and 
improving the quality of inspection by a factor of 2.5 results in a factor of 4 decrease in leak 
probability.  This is an insignificant difference.  The conclusion of this study is that the change in 
relative risk with inspection would be relatively insignificant compared to the uncertainties in 
probability and consequence. 
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Table 6-2 
Plant 40- and 60-Year Total Increase in Risk Summary by Nozzle and NSSS Design (events 
per year) 
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Table 6-3 
Inspection Sensitivity Study 
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A similar conclusion would be reached for LERF.  The LERF values for an individual flow path 
are typically less than those for CDF.  If one conservatively assumes the value for LERF is 
identical to the value used in this assessment for CDF and then compares it to the regulatory 
guidelines, the conclusion would be that the result is acceptable when compared to the guideline 
for “insignificant change” in LERF given in RG 1.174 for the CE, Westinghouse, and B&W 
nozzles.   
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The results show that the small axial leak has a much higher leak probability than the small 
circumferential leak, but the consequences are much less significant.  The typical makeup 
capacity of the plant would address the potential maximum 2 gpm leak from an axial flow, as 
predicted by the deterministic evaluation [9].  Based on the PFM results, plant leak detection 
would have sufficient time to detect the leak and initiate mitigative actions to prevent a leak from 
progressing to a large break such as would cause an LLOCA.  It is, therefore, concluded that the 
risk calculated for the SLOCA and MLOCA would comprise the total contributing increase in 
risk when comparing to RG 1.174 guidelines for this assessment.   

The uncertainty in calculated probabilities of leak from circumferential flaws could have a 
significant effect on the risk increase due to PWSCC in the bi-metallic welds.  The largest 
contributor to this uncertainty is the 1% ratio of circumferential flaws to axial flaws that was 
used in the benchmarking calculations in Section 4.  Some of this uncertainty has been 
compensated for by using the higher probability of a small leak (through-wall circumferential 
flaw) for the probabilities of the larger leaks of concern.  Figure 4-2 shows these differences in 
calculated leak probabilities for the Virgil C. Summer vessel outlet nozzle weld that was used for 
benchmarking. 

There is little data on observed circumferential flaws.  Therefore, a statistical upper confidence 
bound on the percentage should be no more than a factor of 6 higher than the 1% that was used.  
Even with this upper bound factor of 6 increase in probability of large leaks in circumferential 
flaws, the total risk increase due to PWSCC in all the bimetallic butt welds would still be 
classified as insignificant per the guidelines of RG 1.174 [1].  

The total plant CDF and LERF are not specifically calculated since the specific plant values are 
not part of the evaluation.  A review of plant-specific values would likely show acceptance for 
40 years for all Westinghouse, CE, and B&W nozzles.  The value for 60 years would need plant-
specific evaluations to draw concise conclusions but it is likely that the plant specific values 
would be less than those summarized in Table 6-2.   

This study demonstrates that the relative change in risk based on bounding conditions for the 
locations likely to yield a risk increase is within RG 1.174 guidelines. 
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7  
SUMMARY OF RESULTS, CONCLUSIONS, AND 
RECOMMENDATIONS 

The evaluations documented in this report have been intended to cover all the Alloy 82/182 butt 
weld locations in operating PWRs in the USA.  Two companion reports [9,10] have been 
prepared documenting deterministic treatments of these welds.  These deterministic results, as 
well as complementary work to provide input on the effects of repairs [4,17,18] and crack 
growth modeling [12], have been brought together in this report.  The three goals of this work 
were the following: 

• Quantify the probability of leakage from both axial and circumferential flaws 

• Assess the impact of the calculated change in core damage risk per the RG 1.174 guidelines 
[1] 

• Develop a recommendation as to the adequacy of the current ASME Section XI inspection 
requirements for these regions 

The methodology used for the evaluations summarized in this report is consistent with that used 
in previous submittals that have been reviewed and approved by the NRC.  Examples are the 
Westinghouse Owners Group treatment of the probability of head penetration cracking [2] and 
the Westinghouse risk-informed inspection approach [3].  Key effects treated in this work 
include crack initiation, crack growth, conditions for failure of the pipe, and the consequences of 
a range of piping leaks on the conditional CDF.  Note that cracking in only the weld metal was 
considered in this study. There are a few cases where the safe end material is Alloy 600, and 
these were not treated by this evaluation. 

Since the existing PFM models for reactor vessel head penetrations [2,4,5] already included 
crack growth due to PWSCC, the new correlation for weld metal (Alloy 82, 132, and 182) 
developed by the MRP PWSCC Crack Growth Expert Panel [12] was used directly.  Only the 
input parameters for the original Alloy 600 model needed to be updated.  The existing PFM 
models for FCG for piping RI-ISI [3,6] are used directly for the PFM models for butt welds.  
Figures 14(a) and 14(b) of the ANL Report [13] indicate that FCG of Alloy 82/182, respectively, 
is best characterized as a factor on the Alloy 600 CGR in air.  Analyses of this data are used to 
develop the mean value and uncertainty for the factor on weld FCG.  The benchmarking process 
to address these enhancements is discussed in full in Section 4 of this report.  The conclusion is 
that the PFM models used to calculate the leak probabilities for axial and circumferential flaws 
in Alloy 82/182 butt welds in piping nozzles have been benchmarked with existing failure 
(small-leak) data and independently verified to produce accurate results. 
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The leak probability calculated for axial flaws, using PFM methodologies with a 10-year 
inspection, ranges from 5.00E-05 to 1.69E-02 at 40 years of plant life.  The leak probability for a 
circumferential flaw with a 10-year inspection ranges from 2.70E-08 to 2.00E-04 at 40 years of 
plant life.  Probabilities for larger leaks that would correspond to small, medium, or large 
LOCAs would be smaller.   

A comparison of axial versus circumferential leak probabilities shows that the axial probability is 
consistently higher than the circumferential probability, by more than two orders of magnitude.  
The axial flaw length would be limited in extent to the interface with material not susceptible to 
PWSCC, which is consistent with service experience.  This evaluation considered this length to 
be equal to the thickness of the weld, which is a conservative assumption.   

The results of the assessment showed that the change in total plant risk was well within the 
RG 1.174 guidelines for “insignificant change” when considering either CDF or LERF for a 
40-year plant life.  Calculated CDF point estimate values for a 40-year life ranged from 1.85E-08 
to 8.74E-08.  These values for total plant change in risk were determined by combining the 
worst-case leak probability for each location with a generic CCDP value of 3.00E-03 and 
combining the contributions from the individual nozzles.  The calculation for a plant-specific 
application would be lower.  The consequences for LERF would be lower than those for core 
damage, based on actual plant data.  Therefore, the same value of 3.0E-03 was used as a 
bounding case and the change in risk for LERF would also be insignificant.    

The existing analyses provide a baseline from which to draw additional risk assessment insight.  
As the existing analyses contain a limited set of sensitivity studies for these parameters that were 
modified as a result of emerging industry studies from the approved base model, additional 
analyses may be needed to provide a better understanding of the impact of uncertainty.  It is 
anticipated that these studies will be completed as part of the on-going industry effort. 

There are several items that would contribute to the conservatisms in the leak probabilities 
calculated.  Two that result in the greatest overall contribution are the treatment of weld residual 
stress and credit for leak detection.  Residual stresses are represented as the peak through-wall 
value conservatively applied over the entire thickness.  The capability for leak detection at all 
plants is required to be at least 1 gpm.  However, the actual leak detection capability is now 
significantly better than this value, typically by an order of magnitude.  The results presented in 
this report do not consider this factor in determining the leak probability of either axial or 
circumferential flaws for any potential break size or consequence.  In addition, no consideration 
of plant mitigative action in addressing leaks was included in the determination of the 
conditional core damage probabilities.  

Critical conclusions from the evaluation are: 

• The fabrication history of the weld is a key contributor. 

• Changes in inspection frequency or improvements in capability or accuracy have only a 
small benefit for the locations with the highest leak probabilities. 

• Risk results do not justify any required changes in the current 10-year ASME Code Section 
XI inspection interval, as long as all Alloy 182/82 locations are included. 
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A review of the critical nozzle leak and risk assessment results would suggest that the reactor 
pressure vessel outlet nozzle is the most critical when considering potential leaks, plant 
reliability, and plant safety.  The pressurizer surge line, pressurizer spray, decay heat, and 
pressurizer safety and relief nozzle would follow in order of concern.   
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